The native envelope (Env) spike on the surface of human immunodeficiency virus type 1 (HIV-1) is trimeric, and thus trimeric Env vaccine immunogens are currently being explored in preclinical immunogenicity studies. Key challenges have included the production and purification of biochemically homogeneous and stable trimers and the evaluation of these immunogens utilizing standardized virus panels for neutralization assays. Here we report the binding and neutralizing antibody (NAb) responses elicited by clade A (92UG037.8) and clade C (CZA97.012) Env gp140 trimer immunogens in guinea pigs. These trimers have been selected and engineered for optimal biochemical stability and have defined antigenic properties. Purified gp140 trimers with Ribi adjuvant elicited potent, cross-clade NAb responses against tier 1 viruses as well as detectable but low-titer NAb responses against select tier 2 viruses from clades A, B, and C. In particular, the clade C trimer elicited NAbs that neutralized 27%, 20%, and 47% of tier 2 viruses from clades A, B, and C, respectively. Heterologous DNA prime, protein boost as well as DNA prime, recombinant adenovirus boost regimens expressing these antigens, however, did not result in an increased magnitude or breadth of NAb responses in this system. These data demonstrate the immunogenicity of stable, homogeneous clade A and clade C gp140 trimers and exemplify the utility of standardized tier 1 and tier 2 virus panels for assessing the NAb responses of candidate HIV-1 Env immunogens.
The development and evaluation of novel HIV-1 Env immunogens are critical priorities of the HIV-1 vaccine field (2, 10, 25) . The major antigenic target for neutralizing antibodies (NAbs) is the trimeric Env glycoprotein on the virion surface (4, 18, 30) . Monomeric gp120 immunogens have not elicited broadly reactive NAbs in animal models (5, 13, 28, 29) or humans (16, 31) , and thus several groups have focused on generating trimer immunogens that better mimic the native Env spike found on virions (3, 7, 14, 15, 20, 22, 27) . It has, however, proven difficult to produce stable and conformationally homogeneous Env trimers. Strategies to modify Env immunogens have therefore been explored, including the removal of the cleavage site between gp120 and gp41 (3, 7, 23, 39, 40) , the incorporation of an intramolecular disulfide bond to stabilize cleaved gp120 and gp41 moieties (6) , and the addition of trimerization motifs such as the T4 bacteriophage fibritin "fold-on" (Fd) domain (8, 17, 39) .
Preclinical evaluation of candidate Env immunogens is critical for concept testing and for the prioritization of vaccine candidates. Luciferase-based virus neutralization assays with TZM.bl cells (21, 24) have been developed as high-throughput assays that can be standardized (26) . However, the optimal use of this assay requires the generation of standardized virus panels derived from multiple clades that reflect both easy-to-neutralize (tier 1) and primary isolate (tier 2) viruses (21, 24) . A tiered approach for the evaluation of novel Env immunogens has been proposed, in which tier 1 viruses represent homologous vaccine strains and a small number of heterologous neutralization-sensitive viruses while tier 2 viruses provide a greater measure of neutralization breadth for the purpose of comparing immunogens (24) .
We screened a large panel of primary HIV-1 isolates for Env stability and identified two viruses, CZA97.012 (clade C) (32) and 92UG037.8 (clade A) (17) , that yielded biochemically homogeneous and stable Env trimers with well defined and uniform antigenic properties (17) . The addition of the T4 bacteriophage fibritin "fold-on" (Fd) trimerization domain further increased their yield and purity (17) . In the present study, we assessed the immunogenicity of these stable clade A and clade C gp140 trimers in guinea pigs. Both trimers elicited high-titer binding antibody responses and cross-clade neutralization of select tier 1 viruses as well as low-titer but detectable NAb responses against select tier 2 viruses from clades A, B, and C. These data demonstrate the immunogenicity of these stable gp140 trimers and highlight the utility of standardized virus panels in the evaluation of novel HIV-1 Env immunogens.
MATERIALS AND METHODS
HIV-1 gp140 trimers. 92UG037.8 (clade A) and CZA97.012 (clade C) gp140 trimers with C-terminal T4 bacteriophage fibritin trimerization domains (17, 39) and polyhistidine motifs were expressed in insect cells by using the Bac-to-Bac system (Invitrogen) as previously described (12, 17) . Briefly, recombinant baculovirus was generated according to the manufacturer's protocol and amplified in Sf9 insect cells. For large-scale production, 12 liters of Trichoplusia ni (Hi-5) cells (2 ϫ 10 6 cells/ml) were infected at the optimal multiplicity of infection. The supernatant was harvested 68 h postinfection by centrifugation and concentrated to 2 liters, followed by immediate exchange into phosphate-buffered saline (PBS) in a ProFlux M 12 tangential-flow filtration system (Millipore). After a clarifying spin and the addition of imidazole to a final concentration of 15 mM, the supernatant was loaded onto a nickel column at a flow rate of 1 ml/min, washed with 15 mM imidazole in PBS, and then washed sequentially with 40 mM and 60 mM imidazole in PBS. The protein was eluted with 300 mM imidazole in PBS. The fractions containing the purified protein were pooled, concentrated, and further purified by gel filtration chromatography on a Superose 6 column (GE Healthcare). The protein was concentrated, frozen in liquid nitrogen, and stored at Ϫ80°C.
DNA vaccines.
Human codon-optimized gene sequences for the clade C and clade A gp140 trimers with C-terminal T4 bacteriophage fibritin trimerization domains and polyhistidine motifs were synthesized commercially (Geneart) and cloned into the SalI-BamHI restriction sites of a pCMV eukaryotic expression vector. Gene inserts were verified by diagnostic restriction digests, DNA sequencing, and expression testing with 293 cells. Endotoxin-free preparations of pCMV-CZA97012-gp140 and pCMV-92UG037-gp140 (Qiagen) were utilized for all immunizations.
Recombinant adenovirus serotype 26 vectors. Replication-incompetent, E1/ E3-deleted recombinant adenovirus serotype 26 (rAd26) vectors expressing clade A and clade C gp140 trimers with C-terminal T4 bacteriophage fibritin trimerization fold-on domains (17, 39) and polyhistidine motifs were prepared as previously described (1 
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NAbs ELICITED BY CLADE A AND C HIV-1 Env gp140 TRIMERS 3271 night with 100 l/well of 1 g/ml clade A gp140, clade C gp140, or synthetic V1-V3 peptides in PBS were blocked for 3 h with PBS containing 2% bovine serum albumin (BSA) (Sigma) and 0.05% Tween 20 (Sigma). Guinea pig sera were then added in serial dilutions and incubated for 1 h at room temperature. The plates were washed three times with PBS containing 0.05% Tween 20 and incubated for 1 h with a 1/2,000 dilution of a horseradish peroxidase (HRP)-conjugated goat anti-guinea pig secondary antibody (Jackson ImmunoResearch Laboratories). The plates were washed three times and developed with SureBlue tetramethylbenzidine (TMB) microwell peroxidase (KPL Research Products), stopped by the addition of stop solution (KPL Research products), and analyzed at 450 nm/550 nm with a Spectramax Plus ELISA plate reader (Molecular Devices) using Softmax Pro 4.7.1 software. ELISA endpoint titers were defined as the highest reciprocal serum dilution that yielded an absorbance Ͼ2-fold over background values.
TZM.bl neutralization assay. NAb responses against tier 1 and tier 2 HIV-1 Env pseudoviruses were measured by using luciferase-based virus neutralization assays with TZM.bl cells as previously described (21, 24) . These assays measure the reduction in luciferase reporter gene expression levels in TZM-bl cells following a single round of virus infection. The 50% inhibitory concentration (IC 50 ) was calculated as the serum dilution that resulted in a 50% reduction in relative luminescence units compared with the virus control wells after the subtraction of cell control relative luminescence units. Briefly, 3-fold serial dilutions of serum samples were performed in duplicate (96-well flat-bottom plate) in 10% Dulbecco's modified Eagle's medium (DMEM) (100 l/well). A total of 200 50% tissue culture infective doses (TCID 50 ) of virus were added to each well in a volume of 50 l, and the plates were incubated for 1 h at 37°C. TZM.bl cells were then added (1 ϫ 10 4 cells/well in a 100-l volume) in 10% DMEM containing DEAEdextran (Sigma) at a final concentration of 11 g/ml. Murine leukemia virus (MuLV) negative controls were included in all assays. Confirmatory assays were performed utilizing IgG purified from guinea pig serum by immobilized protein A columns (Pierce). To assess the reactivity to variable loop peptides, titrations of purified IgG were incubated with V3 linear peptide or a scrambled 
RESULTS
Production of stable, homogeneous HIV-1 gp140 trimers. We previously reported the biochemical purity, homogeneity, and stability of the 92UG037.8 (clade A) gp140 trimer (17) . The CZA97.012 (clade C) gp140 trimer showed similar purity and homogeneity. Size-exclusion chromatography and chemical cross-linking confirmed that it is both monodisperse and trimeric (Fig. 1) . These immunogens contain the gp140 sequence fused to the T4 fibritin fold-on trimerization domain and a polyhistidine motif. Both trimers proved stable with no detectable dissociation for over 7 days at 4°C (data not shown).
Binding antibody responses elicited by clade A and clade C trimers. We next evaluated the immunogenicity of 92UG037.8 (clade A) and CZA97.012 (clade C) trimers that were selected and engineered for stability and conformational homogeneity. Guinea pigs (n ϭ 5/group) were immunized with 100 g of the clade A or clade C gp140 trimer in Ribi adjuvant s.c./i.p. at weeks 0, 5, and 10. Serum was obtained 4 weeks after each immunization. Env-specific binding antibodies were assessed by ELISA against both clade A and clade C gp140. High-titer binding antibody responses were observed for both clade A and clade C trimer-immunized guinea pigs ( Fig. 2A and B) . Responses were detected after a single immunization and increased to a mean log titer of 6.5 following the second and third immunizations. ELISA responses were comparable to the homologous and heterologous gp140 antigens. Antibody responses to the fold-on trimerization domain were also detected but were Ͼ2 logs lower in titer than those against the complete trimer immunogens (data not shown).
Neutralizing antibody responses elicited by clade A and clade C trimers. We assessed the NAb responses elicited by our stable clade A and clade C trimers using a panel of tier 1 and tier 2 viruses with a broad range of neutralization sensitivities from clades A, B, and C. We defined the criteria for positivity as 50% inhibitory dose (ID 50 ) titers that were (i) Ͼ3-fold above preimmune background levels, (ii) Ͼ2-fold above levels of a concurrent murine leukemia virus (MuLV) control, and (iii) an absolute titer of Ͼ60. Guinea pigs immunized with either clade A or clade C trimers developed robust, crossclade neutralizing activity against neutralization-sensitive tier 1 clade A, B, and C viruses (DJ263.8, SF162.LS, and MW965.26, respectively), with ID 50 titers against MW965.26 ranging from 14,274 to 33,847 (Table 1 ). In contrast, no neutralization against the autologous vaccine strains was detected, presumably reflecting their inherent neutralization-resistant phenotypes.
We next assessed NAb responses against more stringent tier 2 primary isolate viruses. Lower titer but reproducible NAb activity against select tier 2 clade A, B, and C viruses was detected in sera from animals following the third immunization ( Table 1) . The magnitude and consistency of responses against tier 2 viruses were substantially lower than those observed against tier 1 viruses. Nevertheless, a degree of tier 2 neutralization activity was consistently observed, and the clade C trimer appeared to elicit responses of higher magnitude and breadth than with the clade A trimer. A graphical summary of NAb titers against tier 2 viruses in pre-and postimmunization sera is shown in Fig. 3 . Overall, the clade C trimer elicited detectable NAb responses against 27%, 20%, and 47% of tier 2 viruses tested from clades A, B, and C, respectively, whereas the clade A trimer elicited detectable NAb responses against 13%, 7%, and 27% of tier 2 viruses tested from clades A, B, and C, respectively (Table 2 ). There was a modest clade preference of NAbs elicited by the clade C trimer (P ϭ 0.03 by Fisher's exact test) but not the clade A trimer (P value was not significant). These data demonstrate the immunogenicity of these stable, homogeneous clade A and clade C trimers and show the utility of this panel of Env pseudoviruses for providing a systematic tiered approach for assessing NAb responses elicited by candidate HIV-1 Env immunogens.
Neutralizing antibody responses of purified IgG. To confirm the results of the serum NAb assays, we performed additional neutralization assays using IgG purified from serum of immunized animals. Purified IgG demonstrated potent neutralizing activity against the tier 1 viruses at low concentrations (0.1 to 0.4 g/ml for MW965.26) as well as detectable neutralization activity against several tier 2 viruses, including ZM197M.PB7 (clade C), ZM109F.PB4 (clade C), 0439.v5.c1 (clade A), and 6535.3 (clade B) (Table 3) . Sample NAb data for purified IgG against the tier 2 clade C virus ZM109F.PB4 are shown in Fig. 4 . Control IgG from naïve sera exhibited no neutralization activity, and IgG from immunized guinea pigs did not neutralize the negative control MuLV (ID 50 titers of Ͼ1,000 g/ml) (data not shown).
Variable loop peptide responses. We next assessed whether antibodies elicited by our clade A and clade C trimer immunogens were directed against the Env variable loops. Antibody binding titers against the V1, V2, and V3 peptides from the clade A and clade C gp140-immunized animals were measured by . Endpoint titers against homologous and heterologous V3 sequences were comparable, but lower ELISA titers against V1 and V2 peptides were observed (data not shown). We also performed V3 peptide competition neutralization assays with representative animals that received the clade A (guinea pig 5) and clade C (guinea pig 10) trimers. Neutralizing activity against select tier 1 and tier 2 viruses was partially blocked by both homologous and heterologous V3 loop peptides but not by the scrambled peptide (Fig. 5A) , suggesting that the clade A and clade C gp140 trimers elicited NAbs that were directed in part against conserved elements in the V3 loop. A sequence alignment of the V3 loops of 92UG037.8 and CZA97.012 showed substantial sequence homology (Fig. 5B) . Heterologous prime/boost regimens. DNA priming followed by protein boosting was previously reported to elicit highertiter antibody responses than either approach alone (35, 38) . We therefore investigated DNA prime, protein boost as well as DNA prime, recombinant adenovirus serotype 26 (rAd26) boost regimens with vectors expressing the clade A and clade C trimers. Guinea pigs (n ϭ 5/group) were primed with 0.5 mg of DNA vaccines intramuscularly (i.m.) at weeks 0, 4, and 8 and were boosted at either week 36 with a single immunization of rAd26 vectors or at weeks 36, 40, and 44 with homologous trimer proteins in Ribi adjuvant. We observed high-titer ELISA responses following immunization with both the DNA/ protein (Fig. 6A and B) and the DNA/rAd26 (Fig. 6C and D) regimens. Peak titers obtained after the three DNA priming immunizations were a mean log titer of 4.8, demonstrating the efficiency of the DNA priming. Boosting with either a single rAd26 or three purified protein immunizations augmented responses to mean log titers of 6.5, which were titers that were comparable to those elicited by the protein-only regimen (Fig.  2) . Low levels of tier 1 NAb responses were observed after DNA priming and increased following rAd26 or protein boosting (Table 4) . However, the DNA/rAd26 and the DNA/protein regimens did not induce higher titer tier 1 NAb responses than did the protein-only regimen (Table 1) .
DISCUSSION
We assessed the immunogenicity of highly purified CZA97.012 (clade C) and 92UG037.8 (clade A) Env gp140 trimer immunogens that were selected and engineered for optimal biochemical stability and conformational homogeneity. Most Env trimer immunogens reported to date are derived from clade B isolates (3, 7, 14, 15, 20, 22, 27) , although recent reports have also described trimers from other clades (9, 19) . However, the conformational homogeneity of trimer preparations and the capacity of trimer immunogens to neutralize standardized panels of virus isolates have often not been fully assessed. In the present study, we utilized a panel of tier 1 and tier 2 viruses from clades A, B, and C that exhibit a broad range of neutralization sensitivities to assess virus neutralization.
In a preliminary study, we assessed the immunogenicity in guinea pigs of a 92UG037.8 (clade A) gp120 monomer core immunogen, which elicited high ELISA titers but minimal to no NAb responses against tier 1 neutralization-sensitive viruses (data not shown). We therefore focused the present studies on evaluating the immunogenicity of 92UG037.8 (clade A) and CZA97.012 (clade C) trimer immunogens that were selected and engineered for maximum stability and conformational homogeneity. Guinea pigs immunized with clade A and clade C trimers demonstrated robust, cross-clade neutralizing activity against neutralization-sensitive tier 1 clade A, B, and C viruses as well as clear but low levels of neutralizing activity against select tier 2 clade A, B, and C viruses. NAb responses to tier 2 isolates were confirmed using purified IgG but were substantially lower in magnitude and less consistent than responses against tier 1 isolates.
Antibody responses elicited by the clade A and clade C trimers were directed in part against the V3 loop. V3 loop reactivity against both heterologous viruses was observed, although it is likely that a variety of other epitopes were also targeted (33) . The V3 loop is a highly immunogenic region of Env, and it was previously shown that certain anti-V3 NAbs can neutralize diverse strains of HIV-1 (11, 36, 41) . Moreover, a recent report described two novel monoclonal antibodies that target a broadly neutralizing epitope preferentially expressed on trimeric Env and spanning conserved regions of the V2 and V3 loops (37) . Further studies will be required to determine whether NAbs elicited by our gp140 trimers target these epitopes.
Heterologous prime/boost vaccination regimens were also assessed for their potential to augment the immunogenicity of the trimer protein immunogens. DNA/protein and DNA/ rAd26 regimens did not lead to an improved magnitude or Table 1. breadth of antibody responses compared with the protein-only regimen in our studies. In fact, the prime/boost regimens elicited lower NAb responses despite comparable ELISA binding titers. These findings contrast with data from previous reports highlighting the improved humoral responses obtained with DNA/protein or DNA/rAd regimens compared to protein-only regimens in other systems (34, 35, 38) . We hypothesize that the lower NAb activity observed for the prime/boost regimens in the present study may have been related to the fact that the DNA vaccines likely expressed a heterogeneous mixture of Env conformers or oligomers, which could have skewed the antibody responses toward nonneutralizing epitopes. Taken together, these findings suggest that the optimal regimen may be dependent on the particular antigen or system utilized.
In summary, this study demonstrates the immunogenicity of novel clade A and clade C gp140 trimers that have been selected and engineered for optimal purity and stability. Moreover, the use of standardized panels of tier 1 and tier 2 viruses from clades A, B, and C allows a rapid assessment of NAb profiles against a diversity of viruses and is useful for comparative immunogenicity studies of novel candidate HIV-1 Env immunogens.
